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Abstract 
Holes of 0.3-0.4mm diameter and large depths are typical features in aerospace components of Ni-based and Ti-based alloys. The 
EDM process is a popular manufacturing method for this type of precision holes in difficult-to-machine materials. Optimization of 
this technology requires taking into account different aspects such as process parameters, electrode material and electrode set-up. 
These variables affect process performance in terms of processing time, dimensional tolerances and electrode wear. In this paper it 
is shown that the set-up of low-diameter electrodes can be carried out in conventional EDM machines, avoiding thus much more 
expensive processes such as the WEDG technology. Cu-W electrodes of diameter 0.2mm and aspect ratio over 100:1 can be 
prepared on the same machine where EDM-drilling will take place with a radial error below 5 m and surface finish Ra=0.5 m. 
Electrode diameter as low as 50 m has been achieved using this method. Application to EDM-drilling of Ti6Al4V using this type 
of electrodes is presented in this work. 
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1. Introduction 
Manufacturing of cylindrical features with diameter 
less than 1mm is a field of great interest both in research 
and in industrial application. There is a wide variety of 
components of low-diameter cylindrical geometry for 
various applications. In recent years, there is an active 
field of research focused on the proposal, definition and 
optimization of different manufacturing methods 
depending on component diameter, aspect ratio, 
geometry and material [1]. Examples include precision 
products such as gear shafts, valves, shafts and channels 
of micro-fluidic systems, parts for micro-pumps and 
turbines, mechanical and electrical contact probes, 
micro-ejector pins in injection moulds, micro-tools, or 
micro-structured rolls of bigger caliber. The dimension 
of these parts, with the exception of rolls, is within a 
diameter range between 10 m and 1mm. 
Drilling of micro-holes is widely used for products 
such as, for instance, spinneret holes for synthetic fibres, 
wire drawing dies and fuel injection nozzles. There is an 
increasing trend of requiring such applications as 
miniaturization of mechanical products is increasing. In 
this case electrode preparation is a difficult task, and 
again, advances in low-cost manufacturing of low-
diameter (cylindrical) micro-electrodes are required. 
Since conventional material removal methods exert 
significant cutting forces on the micro-products, EDM 
has become a very popular method for these 
applications. In [2] the difficulties that arise when 
manufacturing electrodes below 2 m-diameter using 
EDM were reported. Of course, these values are on the 
lower boundary currently possible. In [3] low-voltage 
EDM is presented as alternative to produce 1 m-
diameter micro-pins. In this case, reproducibility of 
results is not ensured. In a recent work [4] used again the 
low-open circuit voltage EDM process for the 
production of ultra small-diameter (submicron) holes 
using small diameter electrodes. In this case, tungsten 
electrodes were prepared using combination of Wire 
Electro Discharge Grinding (WEDG) and 
electrochemical machining. 
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Not on this lower boundary, but within a certain 
range, conventional EDM machines can be economically 
used for the production of micro-cylindrical parts. 
Avoiding the need for expensive equipment, 
conventional EDM machines are low-cost, well-known 
and widely spread equipment that can be found in small 
and medium factories all around the world. 
Variations of the conventional EDM process aiming 
at the production of micro-cylindrical parts can be found 
in the literature. In all the cases the workpiece rotates. It 
is possible to use a stationary form electrode or a 
rotating disk as tool electrode [5]. From an electrode 
thicker than the required diameter, a cylindrical 
electrode can be manufactured by Electrical Discharge 
Grinding using what is known as a sacrificial electrode 
[1]. In the so-called ‘stationary block’ set up, the final 
diameter of the workpiece electrode is hardly 
predictable. This is caused by the dimensional change in 
the sacrificial electrode. Instead, this method provides a 
smooth surface. The use of a rotating disk involves a 
rather complicated set up although it provides good 
shape accuracy. Using a block electrode, instead, is a 
cheap and simple alternative. This concept has been 
further developed in different configurations such as the 
so-called ‘moving Block EDG’ process [6]. As 
recognized in this latter reference, there is a lack of 
scientific understanding about the effects that result from 
the relative movement. More recently [7, 8] the ISEDM 
(Inverse Slab Electrical Discharge Milling) process has 
been presented as a different and feasible alternative for 
micro-pin manufacturing on conventional EDM 
machines. In those previous works the first experimental 
tests were described using Design of Experiments 
techniques. 
In this paper the mathematical description of the 
process and its application to large aspect ratio micro-
electrode manufacturing for EDM-drilling is presented. 
It is shown that the set-up of low-diameter electrodes 
can be carried out on conventional EDM machines, 
avoiding thus much more expensive processes such as 
the WEDG technology. The process does not require 
using complex wear compensation strategies, and it can 
be carried out on a conventional EDM machine. It is 
therefore characterized by its ease of operation and its 
low operational costs, becoming thus an optimum 
alternative for the use in small and medium 
manufacturing companies. Cu-W electrodes of diameter 
0.3mm and aspect ratio 90:1 can be prepared on the 
same machine where EDM-drilling will take place with 
a positioning error below 10 m and surface finish 
Ra=0.5 m. Electrode diameter as low as 60 m has been 
achieved using this method. Examples of EDM-drilled 
holes in Ti6Al4V using this type of electrodes are finally 
presented.  
2. Fundamentals of micro-electrode set-up using the 
ISEDM process 
In previous works [7,8] the first trials, the basic 
configuration and the experimental analysis of the 
influence of the different ISEDM process variables have 
been presented. In order to overcome the problems 
related to the lack of predictability, the ISEDM process 
will be studied and mathematically described in the 
following paragraphs. 
Figures 1 and 2 show in detail the geometrical 
configuration and the kinematics of the ISEDM process. 
The workpiece rotates and a linear relative movement 
between workpiece and electrode is imposed in X 
direction. Two stages have been considered: first, the 
entrance of the rotating workpiece (Figure 1); then, the 
stationary advance (feed motion) until sparking out 
occurs (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Entrance of the rotating workpiece into the block electrode. 
 
Fig. 2. Geometry and kinematics of stationary ISEDM process 
An initial depth of cut is set (ap), which defines the 
spark angle . The instantaneous distance between the 
rotating pin and the electrode is given by the gap. The 
value of the gap depends on the EDM conditions that 
characterize a certain regime. During a time differential 
dt, two simultaneous phenomena occur: on the one side, 
a reduction of pin radius, dR; on the other, removal of 
material from the stationary electrode, dW. Eq. (1) 
276   J.A. Sánchez et al. /  Procedia CIRP  6 ( 2013 )  274 – 279 
 
expresses the minimum radius that can be obtained with 
this configuration 
gaphRmin  (1) 
The geometrical relationship between dx and dW is 
shown in Figure 3, from which the following expression 
can be derived:  
sin
dw
dRdx  (2) 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Geometric relationship between instantaneous linear feed (dx) 
and electrode wear (dW). 
On the other hand, the relation between the embraced 
angle and h can be written as follows:  
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The evolution of workpiece radius is considered 
through the definition of Material Removal Rate (MRR): 
dt
tLdRtR
dt
dVol
MRR
)()(2
 (4) 
From which, by integrating, the evolution of micropin 
radius with time can be obtained:  
L
tMRR
RR finfin
2
0  (5) 
Now, taking into account that linear feed is governed 
by block Electrode Wear Rate (EWR):  
dt
dwgaptRL
EWR
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 (6) 
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tdw  (7) 
Therefore, dR and dw have been expressed as a 
function of time and the geometry of the problem. By 
taking these values to Eq. (2), the length of the block 
electrode required to ensure a final radius of the 
micropin can be obtained. Integration of Eq. (8) allows 
obtaining the relation between the final diameter of the 
pin and the required length of the block electrode. It 
becomes evident that integration of Eq. (8) requires the 
knowledge of the values of MRR and EWR for the EDM 
regime used. Examples of these experimental data have 
been presented in previous publications [7], and can be 
directly used in the above expressions in order to predict 
the final diameter of the manufactured micro-pin.  
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An example of application of the model described is 
shown below. Let us assume that the objective is to 
manufacture a pin of diameter 810 m and length 30mm. 
Micropin material is AISID2 tool steel. The machine for 
the tests is an ONA Techno-H300 conventional SEDM 
machine. The initial diameter of the cylinder is 1.5mm. 
Input data and results obtained from application of the 
model are shown in Table 1. Off-time is set at a value of 
13 s. 
Table 1. Example of practical application of the model for the set-up of 
an electrode of final diameter 810 m and length 30mm. 
Input data Results 
L=30mm tfin=3.4min 
Rfin=405 m Xfin=1.202mm 
Gap=10 m Aspect ratio 37:1 
R0=750 m  
h=415 m  
MRR=10.92mm3/min  
EWR=0.36mm3/min  
 
Measurement of wear pattern on the electrode can be 
used for validation of the theoretical model. Thus, Figure 
4 shows both the predicted and the experimentally 
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measured geometries of wear on the graphite block 
electrode. It can be noticed the good agreement between 
predicted and measured results.  
 
 
Fig. 4. Predicted (blue) and measured (red) wear geometries produced 
on the graphite block electrode during production of the micropin. 
3. Examples of application of the ISEDM process to 
the set-up of micro-electrodes for EDM drilling 
Taking into account that the electrode is prepared on 
the same tool-holder that will then be used for EDM-
drilling, set-up errors become largely reduced [9]. Radial 
run-out is suppressed by the ISEDM configuration, and 
this can be done on a conventional EDM machine. 
Examples of electrode set-up will be presented in the 
next paragraphs. The electrodes presented were 
manufactured using the ISEDM process on an ONA 
Techno-H300 conventional SEDM machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. AISI D2 micropin manufactured using the ISEDM process. 
Length is 15mm and diameter 50 m (aspect ratio 360:1) 
The first experiments were carried out using AISI D2 
tool-steel as micro-electrode material. In all the cases 
dimensional error (radius deviation with respect to 
nominal value) was below 5 m. The smallest diameter 
achieved was 50 m (see Figure 5). It has been shown 
that in this material there is not limitation in the length 
that can be achieved. For instance, in the case of the 
micropin shown in Figure 5 the length was 15mm. This 
value results in an aspect ratio of 300:1, but as said 
above, higher values can be manufactured. 
The interest of the process for electrode set-up is 
more easily highlighted when other electrode materials 
can be processed. Experiments have been carried out 
using CuW and graphite, which can then be used for 
EDM-drilling of difficult-to-machine alloys.  
Manufacturing low-diameter CuW electrodes 
presents important technological challenges due to the 
low rigidity of the material. This effect was not present 
in the case of tool-steel electrodes, which were rigid 
enough to stand straight even with very low diameters 
(below 100 m).In the case of CuW electrodes, the lower 
the diameter, the higher the possibility of bending of the 
electrode. The minimum diameter successfully achieved 
in this material, with a radius deviation below 5 m, was 
200 m and length 23mm, yielding an aspect ratio of 
115:1. Figure 6 shows a CuW electrode of diameter 
300 m and length 25mm, which results in aspect ratio 
83:1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. CuW microelectrode manufactured using the ISEDM process. 
Length is 25mm and diameter 300 m (aspect ratio 83:1) 
Finally, experiments were carried out using graphite 
as electrode material. Again, graphite is more rigid than 
CuW, but also very fragile. This fact results in an 
increased possibility of sudden electrode breakage under 
the forces exerted during the process. In this case, values 
of diameter 200 m and electrode length 10mm were 
achieved. Figure 7 shows a graphite electrode of 
diameter 300 m and length 19mm, which results in an 
aspect ratio of 63:1. 
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Fig. 7. Graphite microelectrode manufactured using the ISEDM 
process. Length is 19mm and diameter 300 m (aspect ratio 63:1). 
The performance of ISEDM-produced CuW 
electrodes for EDM drilling of high-aspect ratio holes in 
Ti6Al4V has been tested. Figure 8 shows a hole EDM-
drilled using a CuW electrode of 300 m diameter 
prepared with the ISEDM process.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Hole EDM-drilled in Ti6Al4V using a 300 m CuW electrode. 
Hole depth is 4.15mm 
Table 2. EDM conditions for drilling using a 300 m diameter CuW 
electrode in Ti6Al4V. 
EDM conditions Results 
I=1A Final diameter=387 m 
ton=5 s Final length=4.15mm 
toff=20 s Electrode wear=1.4mm 
U0=200V Aspect ratio= 10.7:1 
Dielectric: oil  
 
Hole dimensions are 387 m diameter and 4.15mm 
depth. EDM conditions for the tests are collected in 
Table 2. Previously, tests were carried out with graphite 
electrode (superfine, average particle size 10 m) of 
similar dimensions. Electrode wear in this case was very 
high: after drilling a depth of 0.4mm as much as 1.6mm 
electrode had been worn out. 
Conclusions 
For a certain range of diameters, it has been shown 
that the production of low-diameter and high aspect ratio 
cylindrical parts can be accomplished using conventional 
SEDM machines, avoiding thus the need for expensive 
machines and procedures such as the WEDG process.  
In this paper the fundamentals of the previously 
presented ISEDM process have been presented. A 
simple mathematical model has been developed in order 
to achieve predictability and repeatability in the diameter 
of the cylindrical part. The model has been validated 
through experiments.  
The possibility of using the ISEDM process for the 
set-up of microelectrodes of high aspect ratio with radius 
deviation below 5 m is of great interest for the EDM-
drilling of low-diameter holes. In this case, both 
electrode production and hole drilling can be carried out 
on the same tool-holder, minimizing thus the deviations 
related to radial runout in the mounting. 
Examples of application of the method for the set-up 
of microelectrodes in different materials have been 
presented. The minimum radius and the aspect ratio are 
highly dependent upon material´s stiffness. Hardened 
steel, graphite and CuW micropins have been 
manufactured in different dimensions. It has been 
possible to produce micropins of diameter 50 m and no 
limitation in aspect ratio (values as high as 300:1 have 
been presented) in tool steel AISI D2. In the case of 
CuW electrodes the minimum diameter achieved was 
200 m and length 23mm, yielding an aspect ratio of 
115:1. In the case of graphite, the minimum diameter 
was 200 m, with aspect ratio being limited by the 
occurrence of breakage. 
Finally, the performance of ISEDM-produced CuW 
electrodes of diameter 300 m for EDM drilling of 
Ti6Al4V has been tested. Results show the already 
known wear resistance of CuW when compared with 
graphite. A 4.15mm depth hole was successfully 
machined using the electrode. Further work is currently 
in progress focused on increasing the aspect ratio of the 
EDM-drilled holes. 
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